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Abstract
Magnetic resonance (µSR and NMR) studies of f-electron non-Fermi-liquid (NFL)
materials give clear evidence that structural disorder is a major factor in NFL be-
havior. Longitudinal-field µSR relaxation measurements at low fields reveal a wide
distribution of muon relaxation rates and divergences in the frequency dependence
of spin correlation functions in the NFL systems UCu5−xPdx and CePtSi1−xGex.
These divergences seem to be due to slow dynamics associated with quantum spin-
glass behavior, rather than quantum criticality as in a uniform system, for two rea-
sons: the observed strong inhomogeneity in the muon relaxation rate, and the strong
and frequency-dependent low-frequency fluctuation observed in U(Cu,Pd)5 and
CePt(Si,Ge). In the NFL materials CeCu5.9Au0.1, Ce(Ru0.5Rh0.5)2Si2, CeNi2Ge2,
and YbRh2Si2 the low-frequency weight of the spin fluctuation spectrum is much
weaker than in the disordered NFL systems.
Key words: Non-Fermi liquids, disorder-driven mechanisms, quantum critical
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The observed breakdown of Landau’s Fermi liquid paradigm in a number of
metallic systems, among them certain f-electron heavy-fermion materials, has
led to an explosion of effort to understand this non-Fermi liquid (NFL) be-
havior [1–3]. From the outset a number of mechanisms have been proposed to
explain NFL phenomena; most work has concentrated on effects of a quan-
tum critical point (QCP) separating magnetically ordered and paramagnetic
phases at zero temperature. Early theories ignored the fact that most heavy-
fermion alloys exhibiting such phenomena (Y1−xUxPd3, UCu5−xPdx, . . . ) were
disordered by chemical substitution.
After NMR linewidth measurements in UCu4Pd and UCu3.5Pd1.5 demon-
strated that the magnetic susceptibility in these materials was strongly in-
homogeneous [4], two broad classes of theories began to address the role of
disorder in NFL behavior. In the “Kondo-disorder” approach [4,5] interactions
between f moments are ignored and structural disorder gives rise to a broad
distribution of Kondo temperatures TK ; NFL behavior arises from low-TK
spins which are not in the Fermi-liquid state. In the “Griffiths-phase” picture
[6] spin-spin interactions freeze low-TK f moments into clusters with a wide
distribution of sizes; the larger clusters dominate the susceptibility and lead
to divergent behavior as the temperature is lowered. Both Kondo-disorder and
Griffiths-phase scenarios seem to be compatible with observed µSR and NMR
linewidths [7,8].
Recent µSR spin-lattice relaxation experiments in UCu5−xPdx [9,10] indicated,
however, that the U-ion spin dynamics are better described by a cooperative
picture in which critical slowing down occurs throughout the sample, rather
than at (rare) low-TK spins or large clusters. The µSR relaxation rates are
nevertheless widely distributed, and the dynamic behavior closely resembles
that of spin glasses [11,12]. Thus an important question is whether the ap-
propriate model is one in which disorder in the interactions dominates the
dynamics, as in a spin glass above the glass temperature, or if, instead, the
critical slowing down is still controlled by a QCP. Theoretical treatments ex-
ist [13,14] which combine elements of both these viewpoints and describe a
“quantum spin glass” with a suppressed or possibly zero glass temperature.
In the meantime NFL systems have been discovered in which disorder does not
appear to play an essential role; at ambient pressure these include CeCu5.9Au0.1
[15,16], Ce(Ru1−xRhx)2Si2, x ≈ 0.5 [17,18] CeNi2Ge2 [19,20], and YbRh2Si2
[21]. Thus we can compare spin dynamics in “disordered” and “ordered” ma-
terials. The result of this comparison is evidence that the divergences are due
to slow dynamics associated with quantum spin-glass behavior, rather than
quantum criticality as previously believed. This evidence consists of (a) the
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observation of a wide inhomogeneous distribution of relaxation rates char-
acteristic of disordered systems when the relaxation rate is strong; (b) the
fact that in the ordered NFL compounds CeNi2Ge2 and YbRh2Si2, and even
in CeCu5.9Au0.1 [22] and Ce(Ru0.5Rh0.5)2Si2 [17], which are doped alloys, the
low-frequency weight of the spin fluctuation spectrum is more than an order of
magnitude smaller than in the disordered NFL systems, and (c) the fact that
the residual resistivity of NFL systems is strongly correlated with the rapidity
and the inhomogeneity of the muon relaxation. The present paper reviews the
data and analyses that support this conclusion.
CePtSi1−xGex is a NFL system [23] with similarities to CeCu6−xAux. The
end compound CePtSi is a heavy-fermion paramagnet. Ge doping expands
the lattice and favors antiferromagnetism. A nonzero Ne´el temperature TN
appears for x & 0.1, which is therefore a candidate for a QCP. But magnetic
susceptibility and 29Si NMR studies of CePtSi and CePtSi0.9Ge0.1 [8] show that
both alloys exhibit strong disorder in the susceptibility above 2 K, which when
extrapolated to lower temperatures accounts for much op the NFL specific
heat.
Longitudinal-field µSR (LF-µSR) experiments below 1 K in CePtSi1−xGex,
x = 0 and 0.1, that exhibit rapid relaxation and time-field scaling [11,12]
behavior qualitatively similar to that seen in UCu5−xPdx, x = 1.0 and 1.5
[9,10]. Figure 1 gives the muon decay asymmetry relaxation function for
CePtSi0.9Ge0.1 at T = 0.05 K and several field values. The data are well
described by the stretched exponential function A exp[−(Λt)K ], where A is
the initial muon decay asymmetry, Λ is a characteristic relaxation rate [1/Λ
is the time at which G(t) decays to 1/e of its initial value], and the expo-
nent K < 1 describes the degree of “stretching.” Independently of this fit, the
upward curvature of the asymmetry decay data vs time on the semi-log plot
of Fig. 1 indicates a distribution of local relaxation rates [11] and is another
clear manifestation of disorder.
Normalized relaxation functions G(H, t) are plotted in Fig. 2 against the scal-
ing variable t/Hy for CePtSi1−xGex at T = 0.05 K. This procedure is mo-
tivated by the finding [9] that in UCu5−xPdx the field dependence reflects
the dependence of the (inhomogeneous) relaxation rates on muon Zeeman fre-
quency ωµ = γµH . This in turn is related to the frequency dependence of the
dynamic susceptibility χ′′(ω, T ), for which a scaling form was found from neu-
tron scattering studies [24]. For CePtSi the best scaling [i.e., the most nearly
universal relation G(H, t) = G(H/T y)] is achieved with y = 1.6± 0.1. Such a
procedure does not require knowledge of the functional form of G(H, t). For
CePtSi0.9Ge0.1 scaling is not obeyed for H . 300 Oe, but above this field
scaling is found with the same exponent. The value of this scaling exponent is
considerably larger than in UCu5−xPdx T . 1 K, where y(x=1.0) = 0.35 and
y(x=1.5) = 0.5–0.7 [9,10].
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Fig. 1. Semi-log plots of LF-µSR asymmetry data in CePtSi0.9Ge0.1, T = 0.05 K.
Curves: fits to stretched exponential A exp[−(Λt)K ].
The stretched-exponential fits of Fig. 1 clarify the situation in CePtSi1−xGex.
The field dependence of the relaxation rate Λ is plotted in Fig. 3 for x = 0
and 0.1. For both concentrations K is constant at about 0.25 for fields above
∼ 50 Oe. For x = 0 Λ varies as H−y, y ≈ 1.6, whereas for x = 0.1 this is true
(with roughly the same exponent) only above a crossover field of about 100 Oe.
This behavior and the fact that y is greater than 1 are both consistent with
a stretched-exponential spin autocorrelation function q(t) = 〈S(t)S(0)〉 =
exp[−(t/τc)
y−1] [11,12], rather than the power-law q(t) = t1−y (y < 1) found
in UCu5−xPdx. The crossover from Λ ≈ const. to Λ ∝ H
−y occurs for ωµτc ∼ 1.
The data of Fig. 3 indicate that τc is considerably longer for CePtSi than for
CePtSi0.9Ge0.1, due perhaps to less pinning of fluctuations in the more ordered
end compound. The origins of these different behaviors are related to details
of the microscopic mechanism for the disordered spin dynamics, and are not
well understood.
The question then arises as to whether the time-field scaling is due to disor-
dered glassy spin dynamics or to a QCP. We first look at LF-µSR relaxation in
a number of NFL systems in Figure 4. If necessary a small longitudinal mag-
netic field has been applied to “decouple” any nuclear dipolar field so that
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Fig. 2. Dependence of LF-µSR relaxation function G(H, t) on scaling variable t/H1.6
in CePtSi, T = 0.05 K.
the relaxation is purely dynamic. The estimated G(t) from relaxation rate
data for CeCu5.9Au0.1 [22] and Ce(Ru0.5Rh0.5)2Si2 [17] are comparable to that
for CeNi2Ge2, i.e., the relaxation rates are comparable. CePtSi and UCu4Pd
show the most rapid and most nonexponential relaxation, whereas muons
in CeCu5.9Au0.1 [22], Ce(Ru0.5Rh0.5)2Si2 [17,18], CeNi2Ge2, and YbRh2Si2
[25,26], all relax much more slowly. YbRh2Si2 exhibits weak exponential muon
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Fig. 3. Dependence of LF-µSR stretched-exponential relaxation rate Λ on longitu-
dinal field in the NFL alloys CePtSi1−xGex, x = 0 and 0.1.
relaxation at low temperatures and fields, with a rate 1/T1 that varies inversely
with longitudinal field [26].
Thus there seem to be two classes of relaxation behavior in NFL materials:
UCu5−xPdx and CePtSi1−xGex exhibit rapid and inhomogeneous relaxation,
whereas the relaxation rates for the others are much smaller. Is this simply
due to differences in characteristic fluctuation rates, or is disorder intimately
involved?
By definition NFL metals at low temperatures exhibit no characteristic energy
other than the temperature. Nevertheless we can use quantities such as the
low-temperature Sommerfeld specific-heat coefficient γ(T ) as rough estimates
of expected fluctuation rates, and hence of muon relaxation behavior if slow
fluctuations are correlated with large values of γ(T ). Table 1 gives γ(T=1 K)
for a number of NFL systems, in order from maximum to minimum γ(T=1 K).
The corresponding characteristic temperature pi2kB/2γ(1 K), i.e., the Fermi
temperature in a free-electron gas, is also given. This is admittedly only a crude
gauge of spin fluctuation rates in these systems. Nevertheless, in a conventional
picture higher values of pi2kB/2γ(1 K) would imply faster spin fluctuations,
more motional narrowing, and slower muon relaxation rates. The residual
resistivity ρ(0) is also included in Table 1 as a measure of the effect of disorder,
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Fig. 4. LF-µSR relaxation functions G(t) in NFL materials. (•) CeNi2Ge2, T = 0.02
K, H = 0. (△) YbRh2Si2, T = 0.02 K, H = 32 Oe. () CePtSi, T = 0.05 K, H = 32
Oe. (▽) UCu4Pd: T = 0.05 K, H = 20 Oe.
intrinsic or extrinsic, on the electronic structure.
Comparison of Table 1 and Fig. 4 shows little correlation between muon relax-
Table 1
Sommerfeld specific-heat coefficient γ(T ) at T = 1 K, characteristic tempera-
ture pi2kB/2γ(1 K), and residual resistivity ρ(0) for selected NFL compounds.
material γ(1 K) pi2kB/2γ(1 K) ρ(0)
(J mol−1 K−2) (K) (µΩ-cm)
CeCu5.9Au0.1 1.0 [15] 8 30–60 [27]
CePtSi0.9Ge0.1 [28] 1.0 8 −−
CePtSi 0.75 [29,30] 12 100 [31]
Ce(Ru0.5Rh0.5)2Si2 0.5 [32] 16 65 [33]
YbRh2Si2 0.5 [21] 16 2.4 [21]
UCu4Pd 0.45 [34] 18 280 [35]
UCu3.5Pd1.5 0.38 [34] 25 180 [35]
CeNi2Ge2 0.32 [36] 25 0.4 [37]
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ation behavior and γ(1 K). Both CeCu5.9Au0.1 and Ce(Ru0.5Rh0.5)2Si2, with
relatively large values of γ(1 K) but with little effect of disorder, relax muons
very slowly, whereas muons are relaxed rapidly in UCu4Pd, which has a small
value of γ(1 K) but a large residual resistivity. In contrast, there is an excellent
correlation between the residual resistivity (Table 1) and the strength (and
inhomogeneity) of the muon relaxation (Fig. 4).
We therefore conclude that rapid relaxation in NFL materials is due to disorder-
induced increase of low-frequency spectral weight of the spin fluctuations.
Quantum critical behavior by itself seems not to generate strong low-frequency
spin fluctuations. This behavior must be taken into account in further attempts
to understand NFL behavior in disordered f-electron metals.
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